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The Rydberg atom-based receiver, as a novel type of antenna, demonstrates broad application prospects in the field
of microwave communications. However, since Rydberg atomic receivers are nonlinear systems, mismatches between the
parameters of the received amplitude modulation (AM) signals and the system’s linear workspace and demodulation op-
erating points can cause severe distortion in the demodulated signals. To address this, the article proposes a method for
determining the operational parameters based on the mean square error (MSE) and total harmonic distortion (THD) assess-
ments and presents strategies for optimizing the system’s operational parameters focusing on linear response characteristics
(LRC) and linear dynamic range (LDR). Specifically, we employ a method that minimizes the MSE to define the system’s
linear workspace, thereby ensuring the system has a good LRC while maximizing the LDR. To ensure that the signal al-
ways operates within the linear workspace, an appropriate carrier amplitude is set as the demodulation operating point. By
calculating the THD at different operating points, the LRC performance within different regions of the linear workspace
is evaluated, and corresponding optimization strategies based on the range of signal strengths are proposed. Moreover, to
more accurately restore the baseband signal, we establish a mapping relationship between the carrier Rabi frequency and
the transmitted power of the probe light, and optimize the slope of the linear demodulation function to reduce the MSE to
less than 0.8 x 10~%. Finally, based on these methods for determining the operational parameters, we explore the effects
of different laser Rabi frequencies on the system performance, and provide optimization recommendations. This research
provides robust support for the design of high-performance Rydberg atom-based AM receivers.
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1. Introduction

Rydberg atom-based receivers are used in electric
field measurements due to their large polarizability and
microwave-transition dipole moments.!!! These sensors of-
fer self-calibration,>3! high sensitivity,! and broad operat-
ing frequency,>®! making them superior to traditional RF
and microwave technologies. By utilizing phenomena such
as electromagnetically induced transparency (EIT) and the
Autler-Townes (AT) effect, Rydberg sensors can measure

electric fields from DC to THz frequencies. This capabil-

ity enables the precise measurements of field strength,[’-!1]
polarization,'>!3! and phase.!'*-1 Innovative technologies,
including atomic superheterodyne receivers,[!”! the use of
cold atoms,!'®191 and microwave resonators,?Y] have fur-
ther enhanced the sensors’ sensitivity and resolution. Over
the past decade, these advancements have significantly ex-
panded the capabilities of Rydberg quantum sensors, enabling
their applications in communication,?!! imaging,*>?3! and
metrology. )

Compared to traditional electronic receivers, Rydberg
atom-based receivers exhibit higher sensitivity, particularly
suited for long-distance and weak signals.?* These receivers
benefit from quantum projection noise, which is much smaller
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than thermal noise, and a higher signal-to-noise ratio that en-
hances data transfer capabilities.[>>>7] Recent research has
shown that Rydberg atomic-based sensors can detect multi-
ple modulation signals, including®®-3!! amplitude modula-
tion (AM), frequency modulation (FM), and phase modulation
(PM). Current research has made progress in enhancing the

3233 linear dynamic range,?”! anti-jamming capa-

sensitivity, [
bilities, data transmission capacity,>*33! as well as multi-band
and multi-channel transmission?43¢) of receivers.

However, these studies do not mention the impact of Ry-
dberg atomic receiver operational parameters on system per-
formance. For AM signals, the direct real-time readout fea-
ture of the Rydberg atomic AM receiver depends on the ap-
proximate linear relationship between the carrier amplitude
and the power of the resonant probe light transmission. How-
ever this approximately linear relationship only exists within
a smaller interval of the nonlinear relationship, known as the
linear workspace. The linear dynamic range (LDR) and linear
response characteristics (LRC) within the linear workspace are
crucial performance metrics. LDR refers to the range of signal
strengths that the system can receive without distortion. LRC
refers to the linearity within the linear workspace; a good LRC
helps prevent excessive mixing of higher harmonics that could
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overlap with the baseband signal spectrum. Exceeding the
LDR or operating in a region with poor LRC will lead to signal
distortion, as observed in Refs. [21,26]. Moreover, the slope of
the linear workspace directly affects the baseband signal gain.
Reference [32] explores the LDR and baseband signal gain
of Rydberg atom receivers, but the analysis of how operating
parameters affect these performance metrics is not compre-
hensive enough, and the conclusions lack support from some
experimental data. Furthermore, to ensure that the baseband
signal operates only within the linear workspace, an appropri-
ate demodulation operating point must be set. Reference [37]
emphasizes the importance of choosing a demodulation oper-
ating point and proposes a simple model, but lacks a detailed
discussion on how to optimize this choice considering both the
LDR and LRC, and its operability is poor. Therefore, under-
standing the mechanisms by which operating parameters affect
system performance and proposing optimization strategies to
meet different needs are crucial for the design and application
of Rydberg atom receivers.

This work explores optimization strategies for Ryd-
berg atom receivers processing AM signals using room-
temperature Cs atoms. By tuning the frequencies of the cou-
pling light, probe light, and carrier signal to resonate with Ry-
dberg atom energy levels, we measured the probe light’s res-
onant transmission power at various carrier Rabi frequencies.
Based on this, we developed an optimization method using the
mean square error (MSE) to balance LDR and LRC within
the linear workspace. Further improvements were achieved
by optimizing the slope of the linear demodulation function,
significantly reducing MSE. Total harmonic distortion (THD)
was calculated to evaluate the impact of different demodula-
tion points on LRC, providing strategies for selecting optimal
operating points. We also analyzed the effects of baseband
signal gain on system sensitivity and examined how LDR and
gain vary with different Rabi frequencies, guiding the choice
of laser parameters. These strategies, though demonstrated
with AM modulation, are adaptable to other analog and dig-
ital schemes, aiding the design of Rydberg atom microwave
sensors and related protocols.

2. Principles and methods

This section introduces the theoretical model and working
principles of the Rydberg atom-based AM receiver.

2.1. Theoretical model

The atomic energy level diagram relevant to this study is

depicted in Fig. 1(a). A weak probe field drives atoms from
|

0 £ 0
g @ 24 Q
21 0 Q —2(Ap+4Ac)
0 0 Quw+y(e'®e e ™e)Qg,

the ground state 6S ), to the intermediate state 6P3 5, while a
strong coupling field excites them from the intermediate state
to the Rydberg state nDs . Rydberg states, characterized by
high principal quantum numbers (n), are highly sensitive to
external electric fields. The applied resonant microwave elec-
tric field induces a transition in the Rydberg state from nDs /»
to (n+ 1)P3/,, causing the EIT peak to split into two due to
the AT effect, as depicted in Fig. 1(b).

(a) nDS/Q 'y |3>
WMw
(n+1)P3/2_ — _'__ — |4)
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Fig. 1. (a) Schematic diagram of the four-level system of Cs atoms.
(b) Schematic diagram of EIT-AT splitting.
The interval (AaT) between these split peaks is linearly
related to the strength of the resonant microwave electric field

(Evw)!"!

Aar = Qmw = #MTWEMW7 ()

where 7 represents the reduced Planck constant; tiyvw is the
transition dipole moment of the microwave field; Qpyw is the
Rabi frequency of the microwave field.

Microwave AM fields consist of two components: the
baseband signal, Egi, (), and the carrier wave, Eyw/(#). The
carrier frequency matches the resonance frequency of the mi-
crowave field. The AM field can be represented as

Eam(r) = (14 Esig(1)) Emw (1)
(1+ kcos(wsigt)) Emw cos(mw? ), 2)

where k = Esio /Emw represents the modulation depth, it is
crucial to ensure k < 1 during the amplitude modulation pro-
cess to avoid signal distortion; @ is the angular frequency. The
baseband signal frequency usually falls within the hundreds of
kHz or lower, whereas the Rydberg energy level resonance fre-
quency exceeds GHz, thus @s;; < vw.

We incorporate the Hamiltonian of the AM field inter-
acting with atoms into the EIT three-level system. Using the
rotating wave approximation, the total Hamiltonian of the sys-
tem in matrix form is

0
0

QMW + %(efinigt + eiCOSigt)QSig )
72(Ap + A — AMW)

3

013201-2



Chin. Phys. B 34, 013201 (2025)

where A, Ac, and Avw represent the detuning of the probe
light, coupling light, and resonant microwave field respec-
tively; €, and £ denote the Rabi frequencies of the probe
light and coupling light.

In the thermal atomic system, the Lindblad master equa-
tion (Eq. (4)) is used to describe the dynamics of atomic de-
cay. To account for the Doppler effect, we modify the thermal

atomic density matrix (Eq. (5)).[6!7]
. dp i
=L = __[Hpl+L 4
p=-q, = 7 H-PI+Lp), )
1 3u , , -2
P21y, = 7u 73up21(Ap,Ac)e Z dv, (5)

where L(p) represents the Lindblad operator that explains the
atomic decay process; po1 is the detected optical raw den-
sity matrix element obtained by solving the Bloch equation;
Al (©) = Ap(e) £ 27V /Ap(c) is the probe (coupling) light detun-

P
ing corrections; u = (2kgT /m)'/?

, mis the atom’s mass, kg is
Boltzmann constant, and 7 is the thermodynamic temperature.
We then calculated the complex polarizability ) of the

probe light

2Ny yg

== 6
4 Soﬁ.QpleD’ (6)

where N is the total atomic number density; L, is the transi-
tion dipole moment of the probe light; &j is the vacuum dielec-
tric constant.

According to the Beer-Lambert Law, the transmission

power of the probe light is given by!3?!

I =Iyexp (—kpLIm[y]) , (7)

where Iy is the incident probe light power; k, = 27/A, is the
wave number of the probe light; and L is the propagation dis-
tance of the probe light in the atomic vapor.

At this point, the probe light, coupling light, and mi-
crowave field are in resonance with the atomic energy levels,
ie., Ap =0, Ac =0, and Ayyw = 0. Using the aforementioned
formula, one can calculate the resonant transmission power of
the probe light in the thermal atomic system.

2.2. Demodulation principles

The AM signal consists of the baseband signal carrying
the information and the carrier signal aiding transmission. De-
modulation denotes the extraction of the original baseband sig-
nal from the received modulated signal. Traditional methods
include envelope and synchronous detection. Rydberg atoms,
however, exhibit inherent demodulation capabilities. When
exposed to an AM field, Rydberg atoms absorb the carrier sig-
nal, causing the EIT spectrum to show AT splitting or the AC
Stark effect. This allows direct retrieval of the baseband sig-
nal through variations in the EIT spectrum. Unlike traditional

methods, Rydberg atom sensors do not require additional co-
herent signals or demodulation circuits.

When the coupling light, probe light, and carrier signal
resonate with the Rydberg atom energy levels, the probe light
transmission power shows a nonlinear relationship with the
carrier signal amplitude. Within this curve exists a nearly lin-
ear section, the linear workspace, where changes in carrier am-
plitude correspond directly to changes in probe light transmis-
sion power. Monitoring this power allows direct demodulation
of the baseband signal.

Figure 2 elucidates the demodulation principle of the Ry-
dberg atomic AM signal reception system. Initially, it is essen-
tial to establish the probe light’s resonant transmission power
curve (Fig. 2, blue curve), calculated under resonant condi-
tions according to Eq. (7). The region marked in red (Fig. 2,
red line) delineates the linear workspace. Subsequently, set-
ting a bias operating point (Fig. 2, black dot) is crucial to en-
sure that the introduction of an AM signal remains confined
within this linear domain. Upon reception, the carrier Rabi
frequency (Fig. 2, green curve) contains information from the
baseband signal. By combining Egs. (1) and (2), the expres-
sion for the carrier Rabi frequency is given as follows:

QMW (t) = -Qop + -QSig (t)
= Qop + sig cos(Wsig!)
= Qop(1 +kcos(wsigt)), 8)

where Qg;,(7) is the Rabi frequency form of the baseband sig-
nal; and k is the modulation depth, which better represents the
relative size of the baseband signal to the operating point am-
plitude.

Within the linear workspace, the mapping relationship be-
tween the probe light’s resonance transmission power and the
Rabi frequency is established by the demodulation linear func-
tion g(x) = kx+ g(0) (Fig. 2, red line). The Rydberg atomic
reception system processes and demodulates this signal, pro-
ducing a resonant transmission signal (Fig. 2, orange curve)
through a mapping relationship within this workspace.

ISig(t) =g(Quw(t)) = BQop + KQSig(t)v 9)

where BQ,, is a constant determined by the operating point,
which can specifically be written as BQ,, = kQp + g(0);
kK = dg(x)/dx.

With this, we can calculate the original baseband signal
through the resonant transmission signal Is;s(t) of the probe
light,

_ hQsig(r)  h(g Usig(r)) — Qop)

Esio(t) = = ) 10
sig(1) HUnvw Unw (10)

In practical applications, the Rydberg atom demodulation sys-
tem will also include modules for filtering and noise reduction.
The description provided here just outlines the basic principle
of Rydberg atom demodulation.

013201-3
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1.0}
=™ Iy (t)
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Fig. 2. Schematic diagram of the working principle of AM signal de-
modulation. The blue curve represents the probe light resonant transmis-
sion power / varying with the carrier amplitude Qyw. The red line indi-
cates the linear workspace, described by the demodulation linear function
g(x). The green curve shows the temporal variation of the carrier Rabi
frequency Qnmw (¢), while the orange curve depicts the resonant transmis-
sion signal Isig (7).

3. Experimental setup

The Rydberg atom preparation system and the signal
loading/receiving device are depicted in Fig. 3(a). The ex-
periment employs a weak probe laser (852 nm, Q, = 27 x

) (/‘ N AM signal
‘ Antenna

DM DM
Lens PBS HR
Vapor cell N —

(a)

®:

=

~ Coupling laser Lens
Beamstop ) B '
Saturated absorption ‘
spectroscopy =

“Probe laser

8.91 MHz) and a strong coupling laser (509 nm, Q; = 27 x
17.24 MHz). This setup excites the atoms in the chamber
to Rydberg states. The atoms chamber measures 50 mm
in length. Firstly, by utilizing the frequency stabilization
method of saturated absorption spectroscopy, the probe light
and coupling light are precisely locked to the resonance tran-
sition frequencies of the |6Sl/2,F = 4> — |6P3/2,F’ = 5> and
|6P3 /2. F '= 5> — 50Ds; energy levels, respectively. When
the frequency of the coupling light is scanned, a photodetector
captures the transmitted light passing through the atom vapor,
facilitating the acquisition of the EIT spectrum. A microwave
electric field at a frequency of 5.702 GHz is applied to the
atomic atoms vapor using a horn antenna. This frequency is
near the transition frequency between the 50Ds5/, — 51P3)»
Rydberg energy levels. By aligning the polarization direction
of the microwave field with that of the lasers, a four-level Ryd-
berg atom system is established under the microwave field, re-
sulting in a stable AT splitting in the EIT spectrum (Fig. 3(b)).
The microwave AM field is achieved using an external mixer,
which allows for the independent adjustment of the frequency
and amplitude of both the carrier signal and the baseband sig-

nal.

=300 -200 -100 0 100 200 300
A, (MHz)

Fig. 3. (a) Schematic of the experimental setup. (b) Experimental data chart of splitting under different Rabi frequency carriers.

4. Results and discussion

This section comprehensively evaluates system perfor-
mance, including linear response characteristics, linear dy-
namic range, and baseband signal gain. The linear operating
region is determined using mean square error (MSE) calcu-
lations. The effects of demodulation operating points, linear
demodulation functions, and laser Rabi frequencies on system
performance are analyzed. Based on these analyses, optimiza-
tion strategies for operating parameters are proposed.

4.1. Linear workspace

The LRC of the linear workspace is crucial for maintain-
ing baseband signal fidelity, which typically spans a specific
bandwidth range. Poor LRC can result in higher harmonics
overlapping with the baseband signal, complicating their elim-
ination with filtering modules. Additionally, the LDR dictates
the allowable baseband signal intensity range; exceeding this

range leads to severe signal distortion. For a fixed Rydberg
atom receiver with defined energy levels and laser Rabi fre-
quency, LRC and LDR are inherently conflicting parameters.
Expanding the LDR tends to impair the LRC. Therefore, bal-
ancing these two parameters to determine the optimal linear
workspace is necessary.

Before this, we need to obtain the resonant transmission
power curve of the probe light. In the experiment, the fre-
quencies of the coupling light, probe light, and carrier signal
are locked to the resonance frequencies of the Rydberg atom
energy levels. By varying the amplitude of the carrier signal
and recording the transmission power (n = 5), we obtain the
data shown in Fig. 4(a). The red curve represents the theoret-
ical calculation, and all data is normalized. To determine the
linear workspace, we first derive the demodulation linear func-
tion for the workspace (Fig. 4(b) red line). This line represents
the tangent equation at the inflection point of the probe light’s

013201-4
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resonant transmission power curve, which can be expressed as
8(x) = K(x— Qo) +1(L0), 1)

where € is obtained by solving for 91/ Q2 = 0. We use
the MSE to determine the degree of overlap between the res-
onant transmission power curve of the probe light and the de-
modulation linear function. A smaller MSE indicates a higher
degree of overlap, meaning better LRC. The MSE is calculated
using the formula
1 n
MSE =~} (I - &), (12)
i=1

where 7 is the number of samples. The MSE calculation re-
sults are shown by the blue line in Fig. 4(b). The yellow
area represents the range where MSE < 1073, indicating good
LRC.

1.0 -(a) ° Experiment
.:-rg\ — Theory
5 0.8¢f
£
& 06
z
s 04r
~
e}
2
S 0.2t
S
[a
or = z
0 100 200 300 400 500
fvw (MHz)
L T — Spectral intensity line 40.40
L1 (b) wl{,nﬁ:;ace — Demodulation line
™ 1.0 —— Mean square error, 40.35
*é 0.9} e Experiment 1030
7 0.8 :
Q L 4
5 g'g 0.25 9
~ r n
s 10.20
£ 05) =
£ 04} 10.15
}; 0.3r 40.10
0.2
» 10.05
0.1r MSE <1073
O C 1 1 1 1 1 ] 0

0 20 40 60 80 100
2w (MHz)

Fig. 4. (a) Experimental data and theoretical calculation results of the
probe light’s resonant transmission power. (b) Schematic diagram of
the method for determining the linear workspace. The green line rep-
resents the probe light’s resonant transmission power curve, the red line
represents the demodulation linear function used to determine the linear
workspace, and the blue line represents the MSE between the two.

The resulting linear workspace is [12.4412,47.9848] MHz.

If the inflection point (£, = 28.9224 MHz) is cho-
sen as the operation point, the LDR of the system is
[12.4412,45.4036] MHz, with a modulation depth not ex-
ceeding 56.98%. In the experiment, the operating point is
set at the inflection point, and the baseband signal is a 1 kHz
cosine signal with modulation depths of 10%, 50%, and 70%.

The ;o (t) after filtering out the DC component is shown in
Fig. 5. The gray points represent experimental data, while the
other colors represent fitted curves. To make the experimen-
tal phenomena more apparent and to account for noise, some
margin is left. Within the LDR, the baseband signal maintains
good fidelity, while outside this range, severe nonlinear distor-
tion occurs. Thus, this method, which uses MSE to determine
the linear workspace, is more stable and faster compared to
Ref. [29]. It ensures good fidelity while maximizing the LDR.

z — —os
£ 04((a) Rz () k%
=]

S 0.2

-

£

_of

w0

z

£-02

2

°—0.4

Ay 0 1 2 3 4 5 60 1 23 456 7 8

Time (ms)

Fig. 5. Received resonant transmission signals Is;s (¢) at different baseband
signal strengths. The gray points represent experimental data, while the
other colors represent fitted curves. (a) Signal strength within the LDR,
with modulation depths of 10% (red line) and 50% (blue line). (b) Signal
strength outside the LDR, with a modulation depth of 70% (green line).

4.2. Demodulation operating point

When processed by a nonlinear system like the Ryd-
berg atom-based receiver, a signal not only retains its funda-
mental frequency component but also generates various har-
monic components — integer multiples of the fundamental
frequency. These harmonics introduce distortions, causing the
output signal to diverge from the input signal. Since the linear
workspace is inherently nonlinear, different regions have dif-
ferent LRC. Areas with poorer LRC will introduce more un-
necessary harmonic components. This raises the question of
which part of the linear workspace the baseband signal should
operate within, which is essentially the issue of selecting the
demodulation operating point.

Total harmonic distortion (THD) is an indicator used to
measure the extent of distortion in a signal due to harmonic
components. Therefore, THD can be used to evaluate which
region of the linear workspace introduces fewer harmonic
components, resulting in a better LRC. This helps optimize the
selection of the demodulation operating point. THD is defined
as

JVBAVEAV 4V
Vi ’

THD = 20log;, (13)
where V| represents the amplitude of the fundamental fre-
quency; Vo, V3, Vu,.. ..V, represents the amplitudes of the vari-
ous harmonic frequencies.

We calculated the THD for the first 10 harmonics at
different demodulation operating points for three sets of
baseband signal strengths (si; = 2.89 MHz, 5.78 MHz,
8.67 MHz), as shown in Fig. 6(a). Clearly, as the operating
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point shifts, the THD for all three data sets reaches its mini-
mum at the inflection point of the probe light’s resonant trans-
mission power curve. This indicates that the area near the in-
flection point offers the best LRC. This suggests that setting
the operating point near the curve’s inflection point optimizes
the system’s performance by minimizing harmonic distortions.
Figure 6(b) displays the THD (n = 10) for different baseband
signal strengths with the demodulation operating point set at
both the midpoint (the midpoint of the LDR) and the inflec-
tion point. Within the LDR, the LRC when the operating point
is set at the inflection point consistently outperforms those at
the midpoint, achieving a THD of less than —90 dB for very
low baseband signal strengths. However, we should not hastily
conclude that the inflection point is the optimal demodulation
operating point.

Considering the LDR, choosing the midpoint (£, =
30.213 MHz) as the demodulation operating point allows the
LDR to cover the entire linear workspace with the maximum
Unlike Ref. [37],
which only considers the LRC at the inflection point, we have

modulation depth increased to 58.82%.

systematically analyzed the impact of different demodulation
operating points on the LRC from the perspective of THD.
Additionally, we offer an optimization strategy that allows for
flexible selection of operating points based on the strength of
the baseband signal.
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Fig. 6. THD calculation results. (a) THD at different demodulation op-
erating points for baseband signal strengths at 2.89 MHz (blue points),
5.78 MHz (red points), and 8.67 MHz (green points). (b) THD for differ-
ent baseband signal strengths when the demodulation operating point is
set at the inflection point (red points) and the midpoint (blue points).

4.3. Demodulation linear function

After obtaining the resonant transmission signal of the
probe light, it is crucial to input this data into Eq. (10) to re-
trieve the original baseband signal. Acquiring an accurate de-
modulation linear function (Eq. (11)) is essential for this pro-
cess. In Subsection 3.1, to explore the method for determin-
ing the linear workspace, we selected the tangent equation at
the inflection point of the probe light’s resonant transmission
power curve as the demodulation linear function g(x). How-
ever, this approach is not entirely accurate for signal demod-
ulation. The tangent equation shows that on the left side of
the inflection point, 921/9 Q% < 0, while on the right side,
921/ Q% > 0. This indicates that the curve gradually devi-
ates from the tangent equation on both sides (as illustrated by
the red and green lines in Fig. 4(b)). Using this tangent equa-
tion as the demodulation linear function could result in an un-
derestimation of the baseband signal strength Eg;, (7). There-
fore, it is advisable to optimize the demodulation linear func-
tion during the demodulation process to ensure more accurate
retrieval of the original baseband signal.

Based on the analysis in Subsection 3.2, the area around
the inflection point of the probe light’s resonant transmission
power curve offers the best LRC. Therefore, we focus on opti-
mizing the slope kx of the demodulation linear function. By
passing the linear function through the inflection point and
gradually increasing the slope, we compute the MSE within
the linear workspace, as shown in Fig. 7. Here, x = —0.01733
represents the slope of the tangent equation (black line). When
k = —0.01583 (blue line), the MSE between the probe light’s
resonant transmission power curve and the demodulation lin-
ear function is less than 0.8 x 10~#, which is an improvement
of more than an order of magnitude compared to the black
line. At this point, the demodulation linear function more ac-
curately fits within the linear workspace, providing a more pre-
cise framework for demodulating the signal.

12
——k=-0.01733
—— k=-0.01653
1 -
0 —— Kk =-0.01583
—— Kk =-0.01503
~ 8 x=—0.01423
S
< 6}
2
wn .
=R Superior to
| 0.8x107*
2_
0- 7I - 1 1 1 1 1 — I7
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2yw (MHz)

Fig. 7. Calculating the MSE for demodulation linear function slopes
from —0.01733 to —0.01423 and achieving minimum MSE within LDR
at ¥ = —0.01583 (blue line), and MSE < 0.8 x 104 (light yellow area).
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4.4. Laser Rabi frequency

After filtering out the DC component in Eq. (9), it can be
rewritten as | k| = |Isig(f)/sig (1)
as the baseband signal gain. As || increases, the intensity of

, 80 |k| can be referred to

the baseband signal in the resonant transmission power of the
probe light is amplified. This effectively suppresses the elec-
tronic noise present in subsequent signal processing, thereby
enhancing system sensitivity. However, as |k| increases, the
projection range of the linear workspace on Qyw decreases,
indicating a compression of the LDR. For a fixed atomic re-
k| is fixed. There-

ceiving system (as discussed in Section 2),
fore, we explore the impact of changing the laser Rabi fre-
quency on |x| and the LDR. Due to the changes in the laser
Rabi frequency causing variations in EIT spectrum intensity,
we have normalized the results.
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Fig. 8. LDR (blue area) and baseband signal gain (red dashed line) un-
der different laser Rabi frequencies. (a) Coupling light Rabi frequency.
(b) Probe light Rabi frequency.

Figure 8 displays the variation of |x| and LDR under dif-
ferent coupling light (Fig. 8(a)) and probe light (Fig. 8(b))
Rabi frequencies. It can be observed that as the Rabi fre-
quencies of the coupling or probe light increase, |x| gradu-
ally decreases while the LDR continuously increases, which
is consistent with our analysis. Although || and LDR ex-

hibit similar trends, the extents of changes induced by the Rabi
frequencies of the coupling light or probe light are different.
When £, (probe light Rabi frequency) is weaker, || rapidly
declines, indicating that a weaker £2,, has a significant impact
on system sensitivity; therefore, it is advisable to reduce £,
appropriately. However, at this time, the system’s LDR is very

small (as shown in Fig. 8(b)), and since the decline of || in
Fig. 8(a) is more gradual, increasing 2. (coupling light Rabi
frequency) has a lesser impact on system sensitivity, and thus
€. can be appropriately increased to enlarge the LDR.

In summary, the effects of £2. and £2,, on the performance
of the Rydberg atom receiver are complex and require a com-
prehensive consideration based on the actual situation to select
suitable parameters.

5. Conclusion

Overall, this paper investigates how the operating param-
eters of Rydberg atom AM receivers affect the linear dynamic
range (LDR), linear response characteristics (LRC), and base-
band signal gain, and proposes corresponding optimization
strategies. Firstly, we calculate the mean square error (MSE)
between the resonant transmission power curve of the probe
light and the tangent equation at its inflection point, identifying
regions where MSE < 1073 in the linear workspace. Experi-
ments show that within this linear workspace, the baseband
signal maintains good fidelity, while severe signal distortion
occurs outside this region, validating our method for determin-
ing the linear workspace. We then investigate the selection of
the demodulation operating point within the linear operating
region, comparing the inflection point of the resonant trans-
mission power curve of the probe light with the midpoint of
the linear operating region. Using total harmonic distortion
(THD) to evaluate LRC performance, the results indicate that
the inflection point as the demodulation operating point of-
fers the best LRC, with THD reaching —90 dB or higher for
weaker baseband signals. Conversely, the midpoint of the lin-
ear workspace as the demodulation operating point provides
the best LDR, covering the entire linear workspace. To obtain
a more accurate original baseband signal, we optimized the
slope of the linear demodulation function. This optimization
resulted in an MSE < 0.8 x 10~* between the linear demod-
ulation function and the actual resonant transmission power
curve of the probe light, improving the MSE metric by an or-
der of magnitude. Finally, we analyzed the relationship be-
tween baseband signal gain and system sensitivity. Based on
the influence of the laser Rabi frequency on LDR and base-
band signal gain, we propose recommendations for selecting
the laser Rabi frequency in the Rydberg atom AM receiving
system.

Although AM technology is the most fundamental mod-
ulation mode, it is also the most representative in the demod-
ulation process of Rydberg atom receivers. The parameter op-
timization strategies studied in this paper can be extended to
other modulation modes, including phase modulation and dig-
ital amplitude modulation signals. This research is expected to
promote the design of Rydberg atom microwave sensors and
the development of related operating protocols.
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